The absolute quantum cutting efficiency of Tb 3þ -Yb 3þ co-doped glass was quantitatively measured by an integrating sphere detection system, which is independent of the excitation power. As the Yb 3þ concentration increases, the near infrared quantum efficiency exhibited an exponential growth with an upper limit of 13.5%, but the visible light efficiency was reduced rapidly. As a result, the total quantum efficiency monotonically decreases rather than increases as theory predicted. In fact, the absolute quantum efficiency was far less than the theoretical value due to the low radiative efficiency of Tb 3þ (<61%) and significant cross-relaxation nonradiative loss between Yb 3þ ions. V C 2013 AIP Publishing LLC.
I. INTRODUCTION
Near infrared quantum cutting using RE 3þ -Yb 3þ can convert one ultraviolet/visible photon (k < 550 nm) into two near infrared photons (k $ 1000 nm), which could be absorbed by crystalline Si (c-Si) solar cells to reduce thermal losses and obtain doubled current in the high energy region of the solar spectrum. Therefore, it is a promising option to enhance the efficiency of c-Si solar cells. [1] [2] [3] [4] [5] Due to the excellent characteristics of Tb 3þ , e.g., long fluorescence lifetime of the excited F 0 states, the multiphonon relaxation and back energy transfer processes will be suppressed. Tb 3þ -Yb 3þ ion pair codoping creates a promising quantum cutting system and has been reported effective in several host materials. [5] [6] [7] [8] [9] In most published analyses on quantum cutting, the theoretical internal quantum efficiency was used to comparatively evaluate the quantum cutting materials. It is determined based on the fluorescence decay curves by the following equations: [6] [7] [8] [9] g Total;x%Yb ¼ g VIS þ g NIR ¼ g R;Tb ð1 À g ET;x%Yb Þ þ 2g ET;x%Yb ;
(1)
where g Total;x%Yb , g VIS , g NIR , g ET;x%Yb , g R;Tb , and I denote the total quantum efficiency, visible quantum efficiency, near infrared quantum efficiency, energy transfer efficiency, radiation efficiency of Tb 3þ , and intensity, respectively. Very high quantum efficiency values, up to 196%, 7 182%, 8 and 185.8%, 9 have been obtained. Such reported high quantum efficiency makes people believe that the energy transfer process is very efficient and the quantum cutting material is easily applied on the c-Si solar cells. However, in reality, we found experimentally that the near infrared emission intensity would not enhance significantly as predicted by the theoretical internal quantum efficiency. This raised the question: If the theoretical internal quantum efficiency so defined is appropriate for describing the quantum cutting process? In addition, the theoretical estimation method is based on two hypotheses, which would only give an upper limit of the quantum efficiency. The large difference between the theoretical internal quantum efficiency and actual quantum efficiency makes such evaluation less informative. Therefore, the true quantum efficiency, i.e., the absolute quantum efficiency, is much more useful for the evaluation of the feasibility of potential applications of quantum cutting materials on solar cells. The absolute quantum cutting efficiency is usually defined as the ratio of emitted photons to absorbed photons, which can be quantitatively measured by an integrating sphere detection system. [10] [11] [12] [13] [14] In this Letter, using Tb 3þ -Yb 3þ codoped glass as an example, we demonstrated the quantitative difference between the direct measurement of absolute quantum cutting efficiency and the theoretical estimation. The absolute quantum efficiency of Tb 3þ -Yb 3þ co-doped glass was quantitatively measured and the effect of pump power and Yb 3þ concentration on quantum efficiency was discussed. In addition, the theoretical quantum efficiency estimation method was analyzed detailed. onto a room temperature steel plate and cooled naturally in air. The obtained glass samples were annealed at 500 C for 3 h to release the internal stresses. Finally, the glass samples were cut and polished into 2 mm thick discs.
To measure the absolute quantum efficiency, an integrating sphere detection system was built. The Labsphere optical spectral on integrating sphere provides a high reflectance (99%) over the spectral range of 400-1500 nm. A 473 nm continuous wave laser was used as the excitation source. The laser beam was directed into the integrating sphere through a small entrance hole. The sample was placed at different locations according to the procedures described by de Mello et al. 12 A baffle was mounted at the exit port of the integrating sphere to prevent direct illumination of the detection system. The emission spectra were recorded by a lens-coupled monochromator (Zolix SBP 300) with 1 nm spectral resolution. The visible light spectra were detected using a photomultiplier tube with a 500 nm short cut filter. The near-infrared light spectra were detected using an InGaAs detector with a 800 nm short cut filter. All measured spectra were calibrated by a standard tungsten lamp with normalized spectral power distribution. All experiments were carried out at room temperature.
III. RESULTS AND DISCUSSION
According to the procedures described by de Mello et al., 12 the downconversion emission spectra of Tb 3þ -Yb 3þ co-doped glass were measured under the excitation of Tb Fig. 1 . When the laser beam was directed onto the sphere wall, i.e., case (b), the relatively weak scattered exciting light led to weak downconversion fluorescence. Especially, the near-infrared emission was too weak to be even detected. The absolute quantum efficiency could be calculated by the results in Fig. 1 according to the method described by de Mello et al. 12 Generally, the downconversion process is linear, 15 which means its emission efficiency is independent of the pump power. To verify this point, the relationship between quantum efficiency and pump power was studied, as shown in Fig. 2 . Both the absolute visible and near infrared emission quantum efficiencies are basically constant, which agrees with the linear luminescence property of cooperative quantum cutting process. 15 Therefore, we could conclude that the quantum efficiency is identical under the sunlight excitation when the materials is being used on solar cells. From the results in Figure 2 , the visible and near infrared quantum efficiency were only 41% and 11%, respectively.
The cooperative quantum cutting energy transfer rate is closely related to the distance between ions. 6 To obtain efficient energy transfer from one Tb 3þ ion to two Yb 3þ ions in Tb 3þ -Yb 3þ codoping system, the doping concentration of Yb 3þ is always relatively large in order to make sure that there are two Yb 3þ ions around one Tb 3þ ion. The relationship between quantum efficiency and Yb 3þ concentration could be theoretically estimated from the decay curves by Eqs. (1) and (2), as shown in Fig. 3 . In the calculation, the lifetime values for the 1Tb 3þ -xYb 3þ (x ¼ 0, 1, 5, and 10) samples are 2.5 ms, 2.4 ms, 2.0 ms, and 1.7 ms, respectively. As Yb 3þ concentration increases, the visible quantum efficiency decreases, but the near infrared and total quantum efficiencies monotonically increase. The maximum total quantum efficiency reached as high as 132%.
The effect of Yb 3þ doping concentration on the absolute quantum efficiency was also investigated experimentally, as shown in Fig. 4 co-doped glass.
shows a slow growth and even becomes saturated. As the Yb 3þ concentration changed from 5% to 10%, the absolute near infrared quantum efficiency just increased from 11% to 13%. To depict this trend, the absolute near infrared quantum efficiency was fitted to an exponential function, which exhibited fairly well agreement. From this fitting, we can conclude that the absolute near infrared quantum efficiency can only reach a maximum value 13.5% rather than monotonic increase without bound. Thus, the total quantum efficiency would not monotonically increase with the Yb 3þ concentration as theory predicted. In fact, the total quantum efficiency decreased with increasing Yb 3þ concentration, which showed an opposite trend of theoretical predictions. This result indicates that higher Yb 3þ concentration may play an even bigger role in the enhancement of non-radiative loss than near-infrared emission. In other words, high doping concentration is disadvantageous for the improvement of the total quantum efficiency. In addition, the measured quantum efficiencies are in the same order of magnitude as that of reported RE 3þ -Yb 3þ codoped materials. ) , which is 61%. The radiative efficiency less than 100% may be due to ion collisions, defects and impurities in the host materials. Second, all excited Yb 3þ ions decay radiatively, whose quantum efficiency is also set to 1. The energy transfer efficiency could be estimated by the difference between the absolute visible quantum efficiencies of Tb 3þ single doped and 1Tb 3þ -xYb 3þ codoped samples. The energy transfer efficiencies are 8%, 20%, 35% for x ¼ 1, 5, 10, respectively. Then, the near-infrared quantum efficiency should be double of the energy transfer efficiency. However, the real near-infrared quantum efficiencies are only 4%, 11%, 13%, which are much lower than the expected values 16%, 40%, 70%, respectively. This indicates that the cross-relaxation nonradiative loss between Yb 3þ ions is very serious, and it is more significant at higher Yb 3þ concentrations. All these results indicated that the serious nonradiative energy loss should not be neglected in the theoretical estimation, especially at higher concentrations. The absolute quantum efficiency is more meaningful to describe quantum cutting materials than the theoretical estimated quantum efficiency.
IV. CONCLUSIONS
The quantum efficiency of Tb 3þ -Yb 3þ co-doped glass was investigated to evaluate the practical application prospect of this quantum cutting material. The absolute quantum cutting efficiency was measured, which is independent of the excitation power. As Yb 3þ concentration increases, the absolute near infrared quantum efficiency increases exponentially with an upper limit of 13.5%, but the visible efficiency is reduced, which limit the total quantum efficiency. In fact, experimental results show that the total quantum efficiency decreases with the Yb 3þ concentration, showing the disadvantage of high Yb 3þ concentration. The low radiative efficiency (<61%) of Tb 3þ and significant cross-relaxation nonradiative loss between Yb 3þ ions induced reduction makes the absolute quantum efficiency much less than the theoretical predictions. Our results also demonstrated that the absolute quantum efficiency should be used instead of theoretical estimations when evaluating the application potential of quantum cutting materials. 
FIG. 4. Yb
3þ concentration dependence of absolute near-infrared quantum cutting efficiency g NIR , visible quantum cutting efficiency g VIS , and total quantum efficiency g Total .
